A homologue of the human site-specific prolyl cis/ trans isomerase PIN1 was identified in Arabidopsis thaliana. The PIN1At gene encodes a protein of 119 amino acids that is 53% identical with the catalytic domain of the human PIN1 parvulin. Steady-state PIN1At mRNA is found in all plant tissues tested. We show by two-dimensional NMR spectroscopy that the PIN1At is a prolyl cis/trans isomerase with specificity for phosphoserine-proline bonds. PIN1At is the first example of an eukaryotic parvulin without N-or C-terminal extensions. The N-terminal WW domain of 40 amino acids, typical of all the phosphorylation-dependent eukaryotic parvulins, is absent. However, triple-resonance NMR experiments showed that PIN1At contained a hydrophobic helix similar to the ␣1 helix observed in PIN1 that could mediate the protein-protein interactions.
enzyme that does not depend on substrate phosphorylation (10) , much like the bacterial parvulin Par10 (11) . For clarity, the phosphorylation-dependent class of eukaryotic parvulin PPIases will be designated PIN-type PPIases. Further members of the PIN-type PPIase class are the DODO from Drosophila melanogaster (12) , the PINA from Aspergillus nidulans (7) , and the SSP1 from Neurospora crassa (13) .
All the PIN-type PPIases have high sequence similarity in the catalytic domain, in particular a cluster of basic amino acids (lysine 63, arginine 68, and arginine 69 in the human PIN1) that are thought to be responsible for the site-specific PPIase activity (5, 6) . In addition to the catalytic domain, PIN-type PPIases have a WW domain of 38 -40 amino acid residues (14 -16) at their N terminus. Two invariant tryptophans and a high content of proline and hydrophobic aromatic residues characterize WW domains. The WW domain of the human PIN1 has recently been shown to bind phosphorylated peptides and mitotic phosphoproteins through interaction with P-Ser and phosphothreonine (17) . The WW domain binding activity is required for PIN1 to interact with its substrate in vitro and to perform its essential function in vivo (17) .
Here we describe the isolation and characterization of an Arabidopsis thaliana PIN1 homologue. The plant PIN-type PPIase has a characteristic catalytic domain but no N-terminal WW protein-protein-binding domain or comparable module. We demonstrate the in vitro P-Ser-dependent PPIase activity of the PIN1At by using two-dimensional nuclear magnetic resonance (2D-NMR) spectroscopy.
EXPERIMENTAL PROCEDURES
Cloning of A. thaliana PIN1 Homologue-The human PIN1 amino acid sequence was used to search for homologous proteins in A. thaliana sequence data bases. A 69-amino acid sequence was found that is encoded by the A. thaliana 212-base pair transcribed sequence of the expressed sequence tag clone PAP1864 (accession number F13919). The 212-base pair EcoRI-XhoI cDNA fragment from the PAP1864 clone (Arabidopsis Biological Resource Center, Ohio State University, Columbus, OH) was used as probe to screen an A. thaliana cDNA flower library (Arabidopsis Biological Resource Center). Approximately 100,000 plaque-forming units were screened under high stringency conditions, according to the manufacturer's procedure (Amersham Pharmacia Biotech). Only one positive hybridizing plaque could be identified. After purification, the positive phage was excised in vivo to the PIN4 plasmid, which was then used for sequencing.
Reverse Transcription PCR Expression Analysis-Total RNA of 1-week-old seedlings, 3-week-old rosette leaves, stems, flowers, and roots, and actively dividing cell suspension cultures was prepared using the RNeasy mini kit (Qiagen, Chatsworth, CA). cDNA of each sample was prepared using 3 g of RNA as starting material with the SuperScript™ preamplification system (Life Technologies, Inc.). The obtained cDNA was amplified by PCR with PIN1At-or ACT2-specific primers. The PCR reaction consisted of 1 denaturation cycle of 4 min at 94°C, followed by 15, 20, or 25 cycles of 45 s at 94°C, 45 s at 55°C, and 45 s * This work was supported by Tournesol Grant 98.110, and the 600-MHz NMR facility used in this study was funded by the European Community, the Région Nord-Pas de Calais, the Centre National de la Recherche Scientifique, and the Institut Pasteur de Lille. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ Chargé de recherches of the Fonds National de la Recherche Scientifique (Belgium).
** To whom correspondence should be addressed. Expression of A. thaliana PIN1At Gene in Escherichia coli-The PIN1At coding region was amplified from the PIN4 plasmid by PCR with Pfu polymerase (Stratagene, La Jolla, CA). The PCR product was subcloned into the NdeI and XhoI cloning sites of pET19b (Novagen, Madison, WI), to obtain PIN1AtpET19b. The PIN1At gene is located downstream of a T7lac promoter, in frame with a sequence encoding a 10-histidine tag followed by an enterokinase recognition site. Escherichia coli BL21(DE3) cells (Novagen) containing the PIN1AtpET19b plasmid were grown at 37°C in M9 medium (18) , supplemented with 100 g/ml of ampicillin, to obtain a cell density corresponding to an A 600 of 0.6. Then expression of the PIN1At gene was induced by addition of 0.4 mM isopropyl ␤-D-thiogalactoside, and culture was continued for 4 h at 30°C.
Purification of Recombinant PIN1At-Cells were collected in lysis buffer containing 50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl, 0.1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and were lysed on ice by sonication. The extract was clarified by centrifugation for 20 min at 20,000 ϫ g. The crude extract was loaded at 4°C on a nickel-nitrilotriacetic acid-agarose affinity resin (Qiagen), and protein fractionation was performed according to the manufacturer's instructions. The fractions containing the PIN1At fusion protein were pooled, acidified by adding formic acid, and further fractionated on a 40-ml Poros 50R1 (Perseptive Biosystems, Framingham, MA) 17/25 column (Omnifit, Cambridge, United Kingdom) equilibrated in 0.1% trifluoroacetic acid with an acetonitrile gradient. The PIN1At-containing fractions were lyophilized. The fusion protein was then digested with EnterokinaseMax™ (Invitrogen, Carlsbad, CA) in enterokinase buffer to remove the 10-histidine tag. Reverse phase liquid chromatography was used to remove the residual fusion protein in the same conditions as described above. The PIN1At protein was solubilized at 1 mM in 50 mM deuterated Tris-HCl, pH 7.0 (Cambridge Isotopes Laboratories, Cambridge, MA), 100 mM NaCl, 1 mM dithiothreitol, 1 mM PMSF. The cleavage with enterokinase left one extra histidine residue at the N terminus.
Secondary Structure Analysis-The circular dichroism spectra were recorded on a CD6 spectropolarimeter (Jobin Yvon, Longjumeau, France). The sample was 43 M PIN1At in 50 mM Tris-HCl, 100 mM NaCl, 1 mM dithiothreitol, 1 mM PMSF. Spectra were recorded from 180 to 250 nm using a 0.1-and 1-mm path length cell at 20°C. Backbone carbon and hydrogen resonances were assigned from a set of triple resonance NMR experiments (19) recorded on a 1-mM 13 C, 15 N-labeled PIN1At sample in 50 mM deuterated Tris-Hcl, pH 6.3, 100 mM NaCl, 1 mM dithiothreitol, 1 mM PMSF, and 0.5 mM EDTA using a DMX 600-MHz spectrometer (Bruker, Karlsruhe, Germany).
Peptide Synthesis-The AcWFYS(PO 3 H 2 )PRLR-NH 2 peptide was synthesized starting from Rink amide resin (0.58 mmol g Ϫ1 ) using the Fmoc strategy and activation by HBTU and HOBT in a 431A peptide synthesizer (Applied Biosystems, Foster City, CA). Fmoc-protected amino acids were purchased from Propeptide (Vert-Le-Petit, France). Peptidyl resins were simultaneously deprotected and cleaved from the resin by a 2-h incubation in 5.5% thioanisole, 5% phenol, 5% triisopropylsilane, 5% H 2 O, and 2.5% ethanedithiol in trifluoroacetic acid. Peptides precipitated in a cold mixture of 1/1 diethylether/pentane (v/v) were purified on a C18 Hyperprep (15 ϫ 300 mm) column equilibrated in 0.05% NH 4 OH and developed with an acetonitrile gradient. Fractions containing the peptide were lyophilized. The AcWFYSPRLR-NH 2 peptide was synthesized in the same way, but the peptides precipitated in cold ether were purified on a C18 Hyperprep column equilibrated in 0.05% trifluoroacetic acid and developed with an acetonitrile gradient.
PPIase Assay-Two-dimensional spectra were acquired on a DMX 600-MHz spectrometer (Bruker) with a triple-resonance probe head with three axes pulsed field gradients. A reference exchange spectroscopy (EXSY) spectrum with a mixing time of 300 ms was first recorded on a 1-mM sample of the AcWFYS(PO 3 H 2 )PRLR-NH 2 peptide and a 2-mM sample of the AcWFYSPRLR-NH 2 peptide, in aqueous solution at a pH value of 7.0 and 20°C. Trimethylsilyl propionate (1 mM) was added to the samples to provide a reference. Experimental parameters were as follows: recycle delay of 1 s, spectral width of 10 ppm, 1,024 complex points in the acquisition domain, 32 scans per increment, 256 complex points in the indirect dimension, and phase discrimination by the States-Haberkorn method (20) . Water presaturation was obtained by low power irradiation at the water frequency. To the 500-l peptide samples, 5 or 10 l of the 1 mM stock solution of PIN1At protein were added to a final concentration of 10 or 20 M. EXSY spectra were recorded with mixing times of 50, 100, 200, 300, and 400 ms. Spectra were transformed after squared sine multiplication and one level of zero fill in both dimensions.
RESULTS
Cloning of PIN1At-The PIN1At gene was cloned during a project involving the isolation of cell cycle-related genes in A. thaliana. The cloning strategy combined data base searches with the PIN1 human sequence and A. thaliana cDNA library screens with a partial cDNA sequence, obtained from the Arabidopsis Biological Resource Center, as probe. The isolated PIN1At cDNA comprised a coding sequence of 357 base pairs that encoded a 119-amino acid protein with a molecular mass of 13018 Da and a calculated pI of 9.9. The genomic sequence of PIN1At had recently been published in the data base (accession number AC006201). PIN1At is located at chromosome II and contains one intron. The presence of two stop codons upstream and in-frame with the ATG of PIN1At in the isolated cDNA and in the genomic sequence argued against the possibility of any N-terminal extension of the catalytic domain. Sequence comparison of the PIN1At protein with other members of the PINtype PPIase class showed that the catalytic core was well conserved (Fig. 1) . Identities were 55% with the D. melanogaster DODO, 54% with the S. cerevisiae ESS1/PTF1, and 53% with the human PIN1.
PIN1At Expression-The PIN1At spatial expression pattern was studied by reverse transcription PCR. As starting mate- 
PIN1At (this work) is from A. thaliana (accession number AAD20122), PIN1 is from human (AAC50492), DODO is from D. melanogaster (AAC28408), PINA is from A. nidulans (AAC49984), SSP1 is from N. crassa (CAA06818), SPCC16C4.03 is from Schizosaccharomyces pombe (CAA20742), ESS1/PTF1 is from S. cerevisiae (S52764/ CAA59961), and Par10 is from E. coli (S48658).
Asterisks indicate the potential anion-binding sites, and secondary structure elements of the human PIN1 are indicated above the alignment (6).
rial, RNA was extracted from 1-week-old seedlings, rosette leaves of 3-week-old plants, stems, flowers, roots, and actively dividing suspension cultures. After cDNA preparation, the PIN1At steady-state mRNA levels in the different tissues were visualized using semi-quantitative PCR conditions. PIN1At mRNA was detected in all tissues examined, albeit in different amounts (Fig. 2) . The highest mRNA level could be seen in cell suspensions, whereas the lowest level was detected in roots. In contrast, similar amounts of PCR fragments were obtained for the control actin 2 gene (ACT2), previously demonstrated to be constitutively expressed in all vegetative tissues (21) .
PIN1At Secondary Structure-The circular dichroism spectra analysis demonstrated that the recombinant PIN1At used here had a defined conformation in solution and showed that the secondary structure of PIN1At was composed of 27% residues in helical conformation (Fig. 3) . A similar ␣ helix content (34%) was predicted from the deviation of the observed H␣, C␣, and CO chemical-shift values of PIN1At from their random coil values (22) . Based on the C␣ data, four predicted helices were located from residues 38 to 56, 59 to 66, 68 to 73, and 87 to 96 (Fig. 4) . The longer helix, predicted between residue 38 and 56 matched the length and location of the 20-amino acid scaffolding ␣ helix observed in the PIN1 crystal structure (6) . The chemical shift plot also identified a ␤ strand located from residues 6 to 16.
PPIase Activity-The isolated cDNA was used for recombinant production of PIN1At to validate the presumed PPIase activity of the protein. The in vitro PPIase activity of PIN1At was investigated by 2D-NMR EXSY (23) . Previously, this type of 2D spectroscopy had been used as an alternative to the chymotrypsin-coupled enzymatic assay to characterize the proline cis/trans isomerization and its enzymatic acceleration (24, 25) . The peptide Ac-WFYS(PO 3 H 2 )PRLR-NH 2 was chosen as substrate for the assay because it corresponded to an optimal peptide substrate for the human PIN1 (5). Without enzyme, the intrinsic isomerization was too slow to induce a detectable amount of molecules that change conformation during the mixing time (Fig. 5A) . In the presence of PIN1At, the accelerated cis/trans exchange rate translated into many more peptide bonds connecting the P-Ser and proline residues that change their isomerization state from cis to trans and vice versa. The well separated ␦ proton signals for the proline residue in its cis or trans conformation would therefore be connected by a crosspeak in the 2D EXSY spectrum, which represented the absolute number of molecules that changed conformation during the mixing time (Fig. 5B) . The cis/trans exchange rate was estimated (23) by plotting the integrals of the cross-peaks that connected signals from the cis and trans peptide isomers divided by the intensities of the corresponding diagonal peaks, as a function of mixing time (Fig. 6 ). An exchange rate of 1 s Ϫ1 was calculated from the data on a 1-mM Ac-WFYS(PO 3 H 2 )PRLR-NH 2 peptide sample in the presence of 10 M PIN1At. To prove the concentration dependence of the PIN1At catalytic activity, the same series was recorded with a final concentration of 20 M of PINAt, and the exchange rate was found to go up by a factor of 2 (Fig. 6) . The importance of the phosphorylation of the serine residue was tested by the same procedure with the non-phosphorylated control peptide Ac-WFYSPRLR-NH 2 (Fig.  5, C and D) . As the absence of phosphorylation might influence the non-catalyzed isomerization rate (26), a reference spectrum of the peptide without PIN1At, with a 300-ms exchange delay (Fig. 5C ), was compared with a similar spectrum in the presence of 20 M PIN1At (Fig. 5D) . Neither spectra showed an exchange peak, confirming the specificity of PIN1At for a P-Ser preceding the proline residue. In conclusion, the PIN1At recombinant protein accelerates the cis/trans conversion of the P-Ser/proline bond of the peptide Ac-WFYS(PO 3 H 2 )PRLR-NH 2 in a time-and concentration-dependent manner (Figs. 5, A and B, and 6) but had no effect on the non-phosphorylated peptide (Fig. 5, C and D) . DISCUSSION We report the characterization of an A. thaliana PPIase PIN1At that shares a high degree of sequence similarity with the catalytic core of PIN-type PPIases. Globally, PIN1At resembles most closely the prototypic E. coli Par10 parvulin (11), because they do not contain any N-or C-terminal extensions. All other members of the PIN-type parvulin family have an additional WW domain at their N terminus. Structurally, this small domain is linked to the PPIase domain in human PIN1 by a flexible linker of 8 amino acids in human PIN1 (1, 6) or separated by a poly(Q) stretch from its catalytic domain in the N. crassa homolog SSP1 (13). In the crystal structure of human PIN1, an interdomain cavity separating the N-terminal WW domain from the catalytic PPIase domain was observed with scaffolding helix ␣1 contributing a total of 9 residues to its wall and creating a 23-Å deep internal surface opposite to the hydrophobic pocket of the WW domain (6) . Until now, this helical insertion into the core PPIase fold has been found only in the PPIase domains of PIN1, ESS1, DODO, and SSP1, which all possess an N-terminal WW domain. The described PIN1At protein lacks the N-terminal domain but contains a sequence that is highly homologous to the PIN1 ␣1 helix. Furthermore, preliminary structural data by circular dichroism and conformational 13 C␣ chemical-shift deviations from random coil values are consistent with this stretch being in a helical conformation. Functionally, the role of a protein-protein interaction module was initially recognized for the WW domains (14) , but only very recently has it been shown that the PIN1 WW domain interacts specifically with a number of proteins phosphorylated on one or more serine or threonine residues (17) . This interaction is essential for its in vivo activity, because neither the N-terminal WW domain or the C-terminal PPIase domain could replace the essential function of ESS1/PTF1 in yeast. Moreover, all WW mutants of PIN1 that did not bind phosphoproteins failed to support cell growth in this assay, underlining its functional importance. The role of this binding has been proposed to be the processive isomerization of heavily phosphorylated protein substrates of PIN1 by an enhanced recruitment of the PIN1 near its substrates (17) . From both the absence of a WW domain and the presence of a hydrophobic ␣1 helix in PIN1At, we might speculate that the latter could engage in hydrophobic interactions with other proteins, thereby favoring close proximity between the catalytic domain and its potential substrates. Despite the global resemblance to the E. coli parvulin due to the lack of the WW domain, PIN1AT does show specificity for peptide substrates with P-Ser preceding proline, as is the case for all other PIN-type PPIases. Furthermore, a peptide similar to the optimal PIN1 peptide substrate was found to be a good substrate for PIN1At. Mechanistically, this observation is consistent with the presence of a cluster of basic amino acids in PIN1At (lysine 15 and arginine 20 and 21), implicated in the phosphate specificity in human PIN1 (5, 6). This potential anion-binding site could even be reinforced in PIN1At by the presence of a fourth basic residue, the lysine 22 that substitutes a strictly conserved proline residue in the other PIN-type PPIases. Unlike the experimental evidence for the human PIN1 PPIase activity, obtained on the basis of an indirect chymotrypsin-coupled assay, we used a direct functional assay based on the observation of interconverted molecules during the mixing time of a 2D EXSY NMR experiment. The well resolved signals for the cis and trans isomers of the peptide substrate showed that the uncatalyzed rate constant is too slow to be detectable. In the presence of 10 M PIN1At, we measured an interconversion rate of 1 s Ϫ1 . This value is comparable with the 1.3 s Ϫ1 rate measured in an analogous fashion for the cis/trans isomerization enhancement of the proline peptide bond of calcitonin by cyclophilin (24) and illustrates a similar catalytic efficiency of cyclophilins and parvulins. At this moment, we only dispose of data regarding the in vitro activity on a small peptide, but the in vivo protein substrates of the human PIN1 could well be conserved in A. thaliana. PIN1 and the mitotic protein monoclonal antibody MPM2 was shown to bind similar epitopes (5) . The same antibody also recognizes plant antigens, suggesting the conservation in plants of an epitope that could be a PIN1At substrate (27) . Further experiments are now needed to prove whether PIN1At is involved in the plant cell cycle and to find out how the absence of a WW domain influences the PIN1At activity and function. The question can even be raised whether there is another phosphorylation-dependent parvulin with a WW domain in A. thaliana, similar to the isoforms known for cyclophilins and FK5O6-binding proteins or whether PIN1At is a new type of phosphorylationdependent parvulin, specific or not, to plant organisms.
